T uE blood flow in the internal carotid artery and that in the external carotid artery differs in the response to changes in systemic blood pressure, CO2 inhalation or the administration of papaverine and other drugs. In a previous study, 4 it was apparent that the flow in the internal carotid artery remained stable during moderate changes in blood pressure, but that the flow in the external carotid artery was much more dependent on blood pressure; indeed, slight changes in blood pressure considerably influenced external carotid flow. Differences of this sort might influence the response of these vessels during hypovolemic hypotension, particularly when they function as a cerebral collateral circulation following the occlusion of the opposite carotid artery.
The present study was designed to measure cerebral (internal carotid) and extracerebral (external carotid) blood flow before and after carotid occlusion during induced hypovolemic hypotension. This being determined, the part played by the sympathetic innervation in the differences of response of the two systems was examined.
Materials and Methods
Macacus monkeys weighing from 3 to 6 kg. were used. Animals were subdivided into two groups, acute and chronic. Each animal was anesthetized with intravenous pentobarbital sodium, 30-35 mg./kg., which was then supplemented as required.
A tracheostomy was performed on animals in the acute group, and endotracheal intubation for those in the chronic group. Endotracheal CO2 concentration (TrCO2) was monitored by means of a Beckman infrared gas analyzer. Respiration was spontaneous in all animals and endotracheal CO2 concentration was maintained between e and 4 per cent during all procedures.
The systemic blood pressure was recorded with a Statham strain gauge and catheter threaded into the abdominal aorta via the femoral artery. The femoral vein was cannulated with a polyethylene catheter for administration of fluids and fractional withdrawal of blood.
A midcervical incision was made and the carotid arteries were exposed on both sides. In several animals the vertebral and the subclavian arteries were also exposed. In cases in which the subclavian artery was exposed, the cervical incision was extended caudally to the level of the third intercostal space, and the sternum was divided. In the groups in which cervical sympathectomy was carried out, the cervical sympathetic chains and stellate ganglia were excised, the adventitia of the carotid artery was stripped, and the soft tissues of the neck were profusely infiltrated with a ~ per cent solution of Xylocaine. | Measurements of the blood flow were made with electromagnetic flow-meters. Two Metroflo flow-meters:I were used for measurement of the carotid artery flow. When the flow in the vertebral artery was measured, a Medicon flow-meterw was used. Details concerning simultaneous use of multiple flow-meters, their calibration in vitro and determination of zero reference in vivo have been described in previous papers2 's Because of technical difficulties in placing the flow-meter probe on either the internal carotid or the external carotid artery, the blood flow in the internal and external carotid artery could not be assessed directly. Thus, when measuring the flow in the common carotid artery, the remaining flow after occlusion of the external carotid artery was arbitrarily called internal carotid flow, and 19~ J. S. Meyer, J. Handa, P.
FIO. 1. Effect on common, internal and external carotid flow of induced hypovolemic hypotension. See data from the same monkey.
the remaining flow after occlusion of the internal carotid artery was called external carotid flow.
Anatomically, a portion of the flow in the cervical internal carotid artery supplies several extraeerebral structures. To measure this extracerebral flow, the homolateral internal carotid artery was occluded intraeranially at a point proximal to the posterior communicating artery, and the flow in the cervical internal carotid artery was measured as described above.
The systemic blood pressure was reduced slowly over a 30 to 60 minute interval by fractional withdrawal of 60-1~0 cc. of venous blood. Changes in mean pressures in the artery were calculated by adding ~ of the pulse pressure to the diastolic pressures. The effect of reducing systemic blood pressure on internal and external carotid flow was assessed and the effect of hypotension on the cerebral collateral circulation after experimental cerebrovascular occlusion was measured. These determinations were then repeated after cervical sympatheetomy.
Results

Changes in Common Carotid, and Internal, External and Extracerebral Internal Carotid Flow Induced by Hypovolemic Hypotension.
Nine studies were made. When the systemic blood pressure was gradually reduced, the flows in the common, internal, external and extraeerebral internal carotid arteries all decreased but the pattern of decrease was different for the separate vessels. When the mean arterial blood pressure (MABP) was reduced below 30-40 mm. Hg, flow measurements were no longer possible because the arteries collapsed and no longer made contact with the flow-meter probes.
The patterns of decrease in flow between the internal, external and common carotid arteries were different and quite consistent. A typical example is illustrated in Fig. 1 . The flow in the common carotid artery showed a more or less linear descent when the blood pressure was slowly reduced. I n the monkey shown in Fig. 1 , common carotid flow was 81.5 ce./min, in the steady state when the M A B P was 98 mm. Hg. This decreased to 7.5 ee./min.; when the M A B P was reduced to 30 ram. Hg, changes between these two blood pressures were linear.
The pattern of changes in flow in the internal carotid artery was quite different. In I n general, when the blood pressure was reduced slowly, internal carotid flow decreased little or not at all until a critical blood pressure was reached; thereafter, the flow fell rapidly. Thus, critical blood pressures in 9 studies were distributed within the range of 60 to 70 ram. Hg of the mean arterial pressure.
On the contrary, there was no critical level for flow in the external carotid artery where the gradient of decrease changed abruptly. Thus, in Fig. 1 , although the external carotid flow decreased continuously, the pressureflow curve showed a steeper gradient of fall at higher levels of blood pressures than at the lower levels. This is just the opposite of the pressure-flow curve for the internal carotid artery. The extracerebral internal carotid flow showed a pressure-flow curve similar to that of external carotid flow. and external carotid arteries were occluded on one side, the blood flows in the contralateral internal, external, common carotid and extracerebral internal carotid arteries as well as the vertebral flow, all showed compensatory collateral increases (Fig. ~) .
Effect of Induced Hypovolemic Hypotension on Carotid Collateral Circulation after
In Fig. ~A , the measurements of the right vertebral and left and right common carotid flow are illustrated. When the left internal and the external carotids were occluded, flow in the right vertebral and the right common carotid arteries showed maximal increases of 4.7 cc./min, and 7 cc./min, respectively. In Fig. ~B , the flow in the right internal carotid was measured instead of the common carotid flow. Again, a remarkable increase was noted both in the vertebral and internal carotid flow (4.5 cc./min., and 6 cc./min.). Fig. ~C shows the measurement of the contribution of theright external carotid collateral (3 cc./min.). During this occlusion, the increase in vertebral flow was 7 cc./min., being larger t h a n t h a t in Fig. ~A and B. In Fig. ~D , the contribution of the right extracerebral internal carotid collateral was measured (3 cc./min.). During this 4th occlusion, the increase in vertebral flow was again 7 cc./min., being larger t h a n t h a t in Fig. ~A and B , despite the fact t h a t the systemic blood pressure and the endotracheal C02 concentration remained constant during the entire procedure.
When the blood pressure was reduced slowly, the collateral contribution through all these arteries showed a progressive decrease. Thus, in Fig. 3A when the M A B P was reduced from 96-107 mm. Hg to 63 ram. Hg, and the measurements were repeated, the collateral increase via the right common carotid decreased to 5 cc./min., and the collateral through the right vertebral decreased to only I cc./min. In Fig. 8B , the contribution of the right internal carotid collateral decreased to 3.5 cc./min., and the contribution of the right vertebral was 0.5 cc./min, at an M A B F of 50 mm. Hg. In Fig. 8C and D, the M A B P was again 63 to 58 ram. Hg and the collateral increase of the flow in the right vertebral, right external carotid, and right extracerebral internal carotid arteries was less than that in Fig. ~C and D .
From the vertebral collateral fails more promptly than the carotid collateral as the blood pressure is reduced.
I n general, when the blood pressure was reduced slowly while one carotid artery was occluded, the collateral flow via the opposite internal, external, common and extracerebral internal carotid territory progressively decreased. The contribution of the collateral flows at different levels of blood pressm'e showed, however, that the degree of failure in compensation of the internal was quite different from that of the external carotid arteries (Fig. 4) .
I n : Fig. 4 , the abscissa represents the M A B P and the ordinate shows the ratio of collateral contribution of the external carotid flow to collateral contribution of the internal carotid flow + collateral contribution of the external carotid flow. This figure shows that when the blood pressure was reduced, the ratio also showed a progressive decrease. This means t h a t as the blood pressure is lowered, the collateral flow through the external carotid artery fails earlier than that of the internal carotid artery. Actually, in monkeys, the ratio reached zero at an M A B P of between 50 ram. Hg and 60 ram. Hg. I n Fig. 5A and B, the compensatory increases in collateral flow through the internal carotid and the external carotid arteries were plotted at different levels of blood pressure in ~ separate experiments. I n both Fig. 5A and B, the collateral flow through the internal carotid artery showed a progressive decline as the blood pressure was reduced. This was true not only in these * monkeys but in all the other experiments in which the carotid was occluded. T h e pressure-flow curves were now almost linear as the blood pressure fell, and differed m a r k e d l y from Fig. 1 , where a critical blood pressure was demonstrated.
The pressure-flow curve for the external carotid collateral showed two different patterns. In Fig. 5A , it was similar to the pressure-flow curve for internal carotid prior to occlusion (Fig. 1) . In other words, the collateral flow showed a rapid decline when the blood pressure was reduced below a critical level of 60 m m . Hg. This was true in 8 cases out of 9; the single exception is illust r a t e d in Fig. 5B . The factors responsible for this single exception are not entirely clear, b u t it was noted t h a t in all the m o n k e y s in which the collateral pressure-flow curve showed the usual pattern, the flow in the external carotid in the steady state was higher than in the single exception.
During measurement of the contribution of the external carotid collateral, b o t h internal carotids as well as the opposite external carotid were occluded. Under these circumstances, the principal supply of the internal carotid arteries is from the external carotid. This establishment of collateral flow from the external to the internal carotid, and conversely, from the internal to the external carotid, is the principal factor which explains the difference between normal pressure-flow curves ( Fig. 1) and collateral pressure-flow curves (Fig. 5A) , in the external as well as the internal carotid arteries.
If the communications between the external and internal carotids are small, the collateral compensation via the external carotid artery fails rapidly and progressively and at a high level of blood pressure as shown in Fig. 5B . In a n y event, collateral compensation from the external carotid system tends to fail more readily t h a n t h a t from the internal carotid system (Fig. 4) .
Effect of Sympathectomy on Pressure-Flow Patterns in the External Carotid Territory.
In order to elucidate further the differences between the pressure-flow patterns of the internal carotid and external carotid arteries, the flow measurements of the external carotid artery were performed after bilateral cervical sympathectomy. One internal carotid artery was ligated, and the flow measurements of the external carotid collateral were then repeated on that side at various levels of blood pressure.
In each animal the completeness of the sympathectomy was checked by inhalation of 9 per cent C02 prior to induction of hypotension. Before sympathectomy, the flow in the external carotid arteries showed a remarkable reduction during and after the inhalation of CO2. After complete sympathectomy, external carotid flow failed to decrease during CO2 inhalation and actually tended to show a slight or moderate increase (Fig. 6) . Monkeys in which the external carotid flow decreased during C02 inhalation were discarded, and only those whose external carotid flow increased or at least remained stable were included.
Successful sympathectomy was obtained in 4 monkeys. The results are illustrated in Fig. 7 . In 3 studies out of 4, when the blood pressure was reduced slowly by fractional withdrawal of venous blood, the flow in the external carotid decreased more or less linearly. In other words, after sympathectomy the pressure-flow curve differed considerably from t h a t prior to sympathectomy (Fig. 1) . In one study, the pressure-flow curve for the external carotid artery was more similar to the internal carotid flow prior to sympathectomy, but the flow tended to fail rapidly at relatively high levels of blood pressure. 
Discussion
As the blood pressure of a healthy monkey is lowered by fractional withdrawal of venous blood, there results a homeostatic or autoregulatory mechanism 5,7 which tends to maintain constant blood flow in the internal carotid (cerebral) artery. When the mean blood pressure falls below 60-70 mm. Hg, a sharp decrease in cerebral blood flow is observed. This level of blood pressure, where the pressure-flow curve changes abruptly, is best termed the critical blood pressure. The term "critical pressure" as employed here means that level of blood pressure at which the cerebral homeostatic or autoregulation mechanism fails, resulting in a sudden decrease in cerebral blood flow. It does not necessarily correlate with cerebral dysfunction or cerebral hypoxic change.
In the healthy monkey, the external carotid flow, in contrast, decreased much more rapidly and severely without showing such a critical pressure. The flow in the extracerebral internal carotid artery, although it is derived anatomically from the internal carotid, behaves physiologically like the external carotid flow and not like the internal carotid or cerebral blood flow. This suggests that under normal conditions, homeostatic or autoregulatory mechanisms are confined to the cerebral blood vessels and do not exist in the extraeerebral vessels, no matter whether the blood flow reaches them from the external or the internal carotid trunks.
Under abnormal circumstances, when the internal carotid and external carotid arteries are occluded on one side and the compensatory increase in the flow in the opposite external carotid is plotted against various levels of blood pressure, the collateral pressureflow curve for the external carotid artery now behaves like that for the internal carotid flow, although the critical blood pressure is not always as well defined. Conversely, when one carotid plus the ipsilateral external carotid is occluded so that the remaining internal carotid flow is now shared with extracerebral vessels, the collateral pressureflow curve for the only remaining internal carotid artery becomes more linear and looks like an external carotid pressure-flow curve. These data prove that the final destination of the blood to brain or extracranial circulation is what determines whether or not homeostasis or autoregulation play a part.
The factors responsible for homeostasis or autoregulation of cerebral blood flow have at least two possible explanations:
(1) Bayliss, 1 Folkow, 2 Forbes, 3 Meyer and Gotoh 5 and others have shown that when the intraluminal pressure of cerebral vessels is reduced, the tonic constriction of on Carotid Blood Flow 197 these vessels decreases, their resistance is reduced and the flow tends to be maintained at a constant level until the pressure falls below a critical pressure, when this mechanism fails. Conversely, increases in blood pressure and therefore in cerebral intraluminal pressure results in constriction of the vessels, an increase in the resistance to flow and hence a decrease in blood flow with a tendency to maintain the flow constant.
(s The second explanation is concerned with the biochemical regulation of the cerebral blood flow. 5 A reduction of blood pressure results in a decrease in pO2 and an increase in pCO2 and other metabolites in tissues; all of these lead to a decrease in cerebral vascular resistance and in turn to an increase in blood flow.
The present data suggest that this autoregulatory mechanism does not exist in the external carotid field, but appears only when it also supplies the collateral bed of the internal carotid, e.g., the cerebral vessels. This clearly demonstrates that there is something different about the properties of cerebral vessels either in response to the stretch (Bayliss) reflex 1 or in their chemical control. The data following sympathectomy suggest that one of the factors responsible for this difference is the rich sympathetic innervation of the external carotid system, since following sympathectomy, the external carotid flow pattern becomes like the internal carotid pattern although not identical.
Since it is well known that the sympathetic innervation of cerebral vessels is much less than that of the extracerebral vessels, it seems evident that the autoregulatory or homeostatic mechanism peculiar to cerebral vessels is due, at least in part, to a sensitive response of their musculature to stretch reflexes and chemical stimuli which is not counteracted by autonomic nervous control. On the other hand, the external carotid system, which has an abundant sympathetic innervation, has a nervous control which surpasses any homeostatic or autoregulatory mechanism; furthermore, the extracerebral tissues have a lower metabolic rate than cerebral tissues s<) that biochemical stimuli are less imt)ortanl.
Summary
1. Effects on cerebral (internal carotid) and extracerebral (external carotid) flow of induced hypovoleinic hypotcnsion has been studied quantitatively by the use of electromagnetic flow-meters. When the blood pressure was reduced slowly, the flow in the internal carotid showed a homeostatic or autoregulatory mechanism. Cerebral blood flow showed minimum decrease until a critical blood pressure of 60-70 ram. Hg was reached; at that point a sharp drop in cerebral blood flow was observed. This autoregulatory function was not normally present in the external carotid flow. The flow in the external carotid showed a rapid, progressive decrease as the blood pressure fell. No critical blood pressure was observed.
~. When the internal carotid artery is made to share a portion of its blood supply with the external carotid artery, the homeostatic or autoregulatory mechanism is lost. Furthermore, when the external carotid artery is made to supply the internal carotid field, it behaves much like the internal carotid flow under standard test circumstances.
S. The effects of sympathectomy suggest that one of the facLors influencing differences between [he flow in the internal and the external carotid arteries and the t)roperty of homeostasis or autoregulation of cerebral blood flow is the difference in sympathetic innervation of the external and the internal carotid arterial systems.
